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Abstract

Objective: In traditional medicine, Asari Radix et Rhizoma (Xi Xin) is used to effectively treat respiratory diseases. However, the
therapeutic portion of Xi Xin contains trace quantities of aristolochic acid | (AAl), which raises safety concerns. Furthermore, no
compelling laboratory evidence confirms its safety. AAl-induced extensive renal tubular necrosis and inflammatory cell infiltration
occurred primarily in the cortex and outer medulla. Accordingly, we examined the changes in metabolites within the aforementioned
areas and thoroughly investigated the interactions between these differential metabolites and immune cells.

Methods: \We mapped the spatial distribution of the differential metabolites L-glutamic acid and glutamine in mouse kidneys and
explored the underlying mechanisms using transcriptomics and flow cytometry, further validating these findings through co-culture
experiments in vitro.

Results: Administering 1 mg/kg AAl daily for 7 days (approximately 200 times the pharmacopeial Xi Xin dose) did not induce
detectable levels of carcinogenic 7-(deoxyadenosin-Ne-yl)-aristolactam | (dA-ALI) in mouse kidneys. However, dA-ALI was detected
on the day after the administration of 10 mg/kg AAI. Mice with lipopolysaccharide-induced pneumonia exhibit increased tolerance
to AAl-mediated nephrotoxicity. Based on integrated spatial metabolomics and renal transcriptomic analyses, increased tolerance
to AAl-mediated nephrotoxicity may be related to glutamine-mediated oxidative stress regulation mechanisms. During pneumonia,
mouse kidneys exhibit both immune and metabolic stress responses. Ly6C+ macrophages convert L-glutamic acid into glutamine,
thereby reducing reactive oxygen species (ROS) levels in the extracellular matrix. This process, which is regulated by the ITGA5
receptor in renal tubular epithelial cells, modulates the pAkt/pNrf2/NQO1 pathway and reduces AAl-induced kidney damage.

Conclusions: Collectively, our findings indicate that Xi Xin is safe at conventional clinical dosages, and its targeted use can
further minimize potential risks.

Keywords: Aristolochic acid |, Kidney damage, Oxidative stress, Spatial metabolomics, Xi Xin safety

Introduction containing Xi Xin are currently used for clinical treatment.
However, the presence of trace amounts of aristolochic acid
I (AAI), a natural nephrotoxin, in Xi Xin markedly restricts
its global application®. Although the 2020 edition of the
Chinese Pharmacopoeia strictly regulates the AAI content
in the medicinal parts of Xi Xin to less than 10 ppm, its
safety remains uncertain. Currently, compelling laboratory
evidence substantiating its safety is lacking.

A substantial proportion of plants within the Aristolochiaceae
family are recognized for their medicinal properties, with Xi
Xin being the most widely used™. For over 2,000 years, Xi
Xin has been used as a principal remedy in traditional med-
icine for dispelling the exterior cold, warming the lungs, and
transforming phlegm. In addition to its frequent inclusion
in decoctions, 176 traditional Chinese patented medicines
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Traditional safety studies on Xi Xin have primarily
focused on the chemistry and toxicology of its toxic
component, aristolochic acid, and have overlooked
the clinical context of its application. Typically, drugs
are used by patients with morbid conditions, and drug
metabolism can differ substantially between physiolog-
ical and pathological states®. Therefore, in drug safety
research, careful attention should be paid to animal
models of morbidity®. Considering the frequent clini-
cal use of Xi Xin in the treatment of respiratory dis-
eases, we established a pneumonia model using 2 mg/
kg lipopolysaccharide (LPS). In this study, we integrated
spatial metabolomics and transcriptomics to determine
the differences in the responses and mechanisms of AAI-
induced kidney damage between mice with pneumonia
and normal mice.

The AAl-induced nephrotoxic effects include neph-
rotoxicity and carcinogenicity. Nephrotoxicity pri-
marily manifests as damage to renal tubules, whereas
carcinogenicity is based on DNA adduct formation.
AAI undergoes bioactivation in the kidneys and other
organs, forming reactive intermediates that cova-
lently bind to DNA bases. The most representative
and stable DNA adduct that results from this process
is 7-(deoxyadenosin-N6-yl)-aristolactam I (dA-ALI).
This adduct predominantly forms at adenine residues
in DNA, and is considered a critical molecular event
underlying AAl-induced mutagenesis and carcinogene-
sis. DA-ALI exhibits high stability iz vivo and is resistant
to repair, leading to characteristic A:T — T:A transver-
sion mutations. These mutations serve as the molecular
“fingerprints” of AAI exposure. Thus, the relationship
between AAI and dA-ALI not only elucidates the chem-
ical carcinogenic mechanism of aristolochic acid but
also provides a crucial basis for environmental expo-
sure assessment and molecular epidemiological studies.
In this study, we established an external standard detec-
tion method for dA-ALI and conducted methodological
testing to ensure precise measurement of DNA adduct
content. Spatial metabolomics, a technique for studying
the spatial distribution of metabolites within tissues or
organs, offers unique advantages for examining changes
in renal metabolite distribution during pneumonial*-¢,
The use of high-resolution airflow-assisted desorp-
tion electrospray ionization mass spectrometry (MS)
imaging, an in situ spatial metabolomics approach,
has revealed that AAl-induced extensive renal tubular
necrosis and inflammatory cell infiltration primarily
occurs in the cortex and outer medulla”. Therefore,
in the present study, we used spatial metabolomics to
examine changes in metabolites within the aforemen-
tioned areas and thoroughly investigated interactions
between these differential metabolites and immune
cells.

Materials and methods

Chemicals and reagents

AAI was purchased from MCE (Shanghai, China)
and dA-ALI (CAS: 127191-86-0) was synthesized by
WuXi AppTec (Shanghai, China). The StarRuler Color
Prestained Protein Marker (Cat. No. M221), 10x
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Tris-Glycine Electrophoresis Buffer (Cat. No. E152-01),
and 10 x Wet Transfer Buffer (Cat. No. E173-01) used
in the Western blot experiments were all purchased from
GenStar (Beijing, China). The sources of other experi-
mental reagents and consumables are provided in the
Supplementary Materials (Supporting Reagents, https:/
links.lww.com/AHM/A182).

Animals

CS57BL/6] male mice [8-week-old, (20 =2) g; specific
pathogen-free grade, Experimental animal certificate
number No. 110324220105758876] were purchased
from SPF Biotechnology Co., Ltd. (Beijing, China). Mice
were maintained under pathogen-free conditions. All
mice were provided unlimited water and food and were
maintained under a 12-hour dark/light cycle (25 = 2)°C.
All animal experiments were performed in accordance
with the Guidelines for the Care and Use of Laboratory
Animals and were approved by the Fifth Medical Centre
of the PLA General Hospital, Beijing, China (ethical
approval No. TACUC-2021-0010). Mice were anesthe-
tized using 2% isoflurane (Yuyan Anesthetic Breathing
System, Shanghai, China).

Relationship between the dose of AAl administered and the
level of DNA adducts

Seventy-two mice were randomized into four groups
using a random number table method (Figure 1A).
AAI was administered via oral gavage at doses of 0.01,
0.1, 1, and 10 mg/kg. Tissue samples were collected
on days 1, 4, and 7 (n = 6 per time point) via rapid
euthanasia, followed by kidney harvesting for dA-ALI
testing.

Mouse models with pneumonia and without pneumonia

Using a random number table method, 24 mice were
equally divided into four groups (7 =6 each). A pneu-
monia model was established by tracheal instillation of
LPS before intratracheal instillation, after which the mice
were fully anesthetized with 2% isoflurane and secured in
a suspended position on a triangular bracket. A spotlight
was used to illuminate the neck region, and the tongue
was gently pulled laterally using forceps to expose the
trachea within the visual field. A 22G intravenous cathe-
ter (0.9 mm in diameter, 25 mm in length, with the plas-
tic tubing extending 2 mm beyond the needle tip) was
inserted through the oral cavity to perform tracheal intu-
bation. Subsequently, 50 pL of LPS (2 mg/mL) was slowly
instilled through the catheter. After instillation, the mice
were maintained in a head-up and feet-down position for
approximately 1 to 2 min while the triangular bracket
was gently rotated to ensure uniform distribution of the
liquid throughout the lung. Groups receiving a single
treatment were designated as single inflammation (SI)
groups, and their corresponding controls were deemed
single controls (SC). Groups receiving multiple treat-
ments were named enduring inflammation (EI), while
their control was referred to as enduring control (EC).
Twelve hours after LPS administration, AAI (10 mg/kg)
was administered via oral gavage. At designated time
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Figure 1. Dose-time carcinogenic toxicity of AAl and construction and validation of a pneumonia model. (A) Grouping of dose-time-toxicity exper-
iments. (B) Dose-time carcinogenic toxicity of AAl. (C) Formation of dA-ALI in the kidneys of mice administered 10 mg/kg AAl. (D) Grouping of
morbid animal experiments. (E) Morphological images and H&E staining results of mouse lungs (black arrows indicate minimal macrophage infiltra-
tion, yellow arrows show minimal lymphocyte infiltration, red arrows indicate minimal hemorrhage, and green arrows represent interstitial edema).
(F) Construction of the pneumonia model. (G and H) Expression levels of inflammatory markers in bronchoalveolar lavage fluid (n = 6; **P < 0.01).
AAIl: Aristolochic acid I; dA-ALI: 7-(Deoxyadenosin-Ne-yl)-aristolactam |; EC: Enduring control; ECDM: Equivalent clinical dose method; El: Enduring
inflammation; H&E: Hematoxylin and eosin; IL-6: Interleukin-6; LPS: Lipopolysaccharide; SC: Single control; Sl: Single inflammation; TNF-a.: Tumor

necrosis factor-a.

points, the mice were anesthetized and bronchoalveolar
lavage fluid was collected, followed by cardiac puncture
for blood sampling. Subsequently, the lungs and kidneys
were harvested. One kidney was immediately snap-frozen
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in liquid nitrogen for multiomics analysis. The other kid-
ney was bisected along the coronal plane; one half was
used for flow cytometry, and the other half was immersed
in 10% formalin along with the lungs.
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Biochemical analysis and histopathological staining

To obtain serum, the blood was centrifuged twice at
3,500 rpm for 15 min. Then, serum levels of blood
urea nitrogen (BUN), creatinine (Cr), interleukin (IL)-
6, tumor necrosis factor (TNF)-a, and oxidative stress
markers were measured in accordance with the instruc-
tions of the respective assay kits. Paraffin-embedded
and frozen sections were stained with hematoxylin and
eosin (H&E) to identify histopathological changes. The
v-H2AX protein in the sample was immunohistochemi-
cally stained using an antibody dilution ratio of 1:9,000
(cat: ab11174; Abcam, USA).

Analysis of dA-ALI

DA-ALI was synthesized by WuXi AppTec, as reported by
Wang et al.®, with an average purity of 98.35% as deter-
mined using high-performance liquid chromatography
(HPLC). Details of the 'H NMR spectra, MS, and addi-
tional HPLC results are provided in the Supplementary
Materials (Identification of dA-ALI standard samples,
https://links.lww.com/AHM/A182).  Using  standard
dA-ALI, we established a liquid chromatography-MS (LC-
MS) method to measure adduct content in animal bodies.
The specific methods are detailed in the Supplementary
Materials (Supporting Methods 1, https:/links.lww.com/
AHM/A182). The method for digesting animal tissue
DNA is described in our previously published study™.

Transcriptomics and bioinformatics analysis

RNA transcriptome sequencing was performed using
three mouse kidney samples from the SI, SC, EI, and EC
groups. The experimental workflow included the follow-
ing steps.

Total RNA was extracted using the MagZol reagent.
RNA integrity and purity were assessed using agarose gel
electrophoresis, NanoPhotometer (Qubit, Agilent 2100).

The RNA libraries were constructed using the
NEBNext Ultra RNA Library Prep Kit. The mRNA was
first enriched using oligo(dT) magnetic beads, followed
by fragmentation and reverse transcription to synthesize
double-stranded cDNA. After end repair, A-tailing, adap-
tor ligation, PCR amplification, and purification, librar-
ies were constructed.

Libraries were quantified using Qubit, assessed for
insert size using Agilent Technologies, and quantified
using qPCR. Qualified libraries were then subjected to
150 bp paired-end sequencing on the Illumina platform.

Sequencing data were filtered using fastp, aligned
to the mouse reference genome (GRCm39.109) using
HISAT2, and gene expression levels (FPKM) were cal-
culated. Differentially expressed genes were identified
using DESeq2 (llog2FCl > 1, FDR < 0.05), followed by
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses.

Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) MS for spatial metabolomics

Sample preparation and MALDI-TOF measurement

Briefly, the frozen kidney tissue samples were embed-
ded in gelatin and fixed in three drops of distilled water.
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The tissues were sectioned at 10-pm thickness using a
Leica CM1950 cryostat (Leica Microsystems GmbH,
Wetzlar, Germany) at -20°C. Subsequently, the tissue
sections were placed in groups on electrically conduc-
tive slides coated with indium tin oxide (ITO), and the
slides with tissue sections were dried in a vacuum des-
iccator for 30 min. A solution of 2,5-dihydroxybenzoic
acid was prepared using 90% acetonitrile and 10%
water. The 2,5-dihydroxybenzoic acid matrix solution
was uniformly sprayed onto ITO slides containing tis-
sue sections using a TM-Sprayer (Bruker Daltonics,
Bremen, Germany). The ITO slides coated with the
matrix were placed on a mass spectrometer target plate,
and tissue areas were selected using the Datalmaging
software (Bruker, Billerica, MA, USA) for MALDI-TOF
measurements.

MALDI timsTOF mass spectrometric imaging experi-
ments were performed using a prototype Bruker timsTOF
flex MS system (Bruker Daltonics) equipped with a 10 kHz
smartbeam 3D laser. The laser power was fixed at 80%
throughout the experiments. Mass spectra were acquired in
the positive mode. Mass spectral data were acquired over a
mass range of mass-to-charge ratio (72/z) 50 to 1,300 Da.
The imaging spatial resolution was set to 50 pm for the
tissue, and each spectrum consisted of 400 laser shots.

Data processing and analysis

Under laser excitation, the tissue samples were ionized
with the matrix, and the released molecules were iden-
tified using a mass spectrometer. This process generated
raw data on the m/z and peak intensity for each pixel of
the sample. The raw data were imported into the SCiLS
Lab software for smoothing and root mean square nor-
malization. This generates information on the relative
intensities of different #m1/z values at each spatial point,
which are then translated into pixels on the imaging
heatmaps!''. By aligning H&E-stained images of adja-
cent sections, precise extraction of MS profiles from
regions of interest can be achieved, generating individual
two-dimensional data matrices (m1/z, intensity)”'2. MS/
MS fragmentations performed on the timsTOF flex MS
system in MS/MS mode were used for further detailed
structural confirmation of identified metabolites.

Western blotting

Proteins were extracted from the cell lysate (2 mL) and liver
tissue (30 mg) as previously described”. Subsequently,
the samples were heated at 105°C for 15 min and sub-
jected to 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The proteins were then transferred onto
nitrocellulose membranes using a wet-transfer system.
The rapid sequestration chamber was sealed for 10 min
and incubated overnight with the target protein. The fol-
lowing day, the specimens were incubated with a second-
ary antibody for 1 h to develop the images. Signals were
analyzed using enhanced chemiluminescence reagents
(Promega, Beijing, China).

Flow cytometry for quantification of Ly6C* macrophages

Fifty milligrams of kidney tissue were minced and trans-
ferred to a clean glass slide, where they were minced
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into a paste. The obtained paste was then placed in 2
mL of Dulbecco’s modified Eagle Medium containing
10% fetal bovine serum (FBS), 0.5 mg/mL collagenase
IV, and 0.05 mg/mL DNase I, and incubated at 37°C
for 60 min until complete tissue digestion was achieved.
The digest was sequentially strained through 200- and
400-mesh sieves and collected in a 15 mL centrifuge
tube. The mixture was centrifuged at 1,200 rpm for 8
min and the supernatant was discarded. The pellet was
resuspended in 4 mL of 1x phosphate-buffered saline
(PBS), centrifuged again at 1,200 rpm for 8 min, and
the cells were resuspended in PBS. Cell suspension
was adjusted to 1 x 107 cells/mL, and 100 pL of the
single-cell suspension was aliquoted per tube for label-
ing. Subsequently, the cells were processed by Fc recep-
tor blocking, surface antibody staining, red blood cell
lysis, and washing before being resuspended for flow
cytometry.

In vitro Ly6C* macrophage co-cultures with mouse renal
tubular epithelial cells (NRTECs)

After centrifugation, as described in the Western
blotting section, to obtain cell pellets, the cells were
resuspended in PBS containing 2% FBS to establish a
single-cell suspension for flow cytometric sorting. The
sorted cells, specifically the CD45*CD11b*F4/80*Ly6C*
and CD45*CD11b*F4/80*Ly6C populations, were col-
lected into 15 mL centrifuge tubes containing RPMI
1640 medium (Cat No.: 21870092; Gibco, Waltham,
MA, USA) supplemented with 20% FBS and prepared
for subsequent co-culture experiments. A total of
300,000 Ly6C* or Ly6C- cells were seeded in the upper
chambers of a 24-well transwell plate with a 0.1-pm
polycarbonate membrane. Concurrently, 100,000
mRTECs were seeded in the lower wells of the RPMI
1640 medium supplemented with glutamine (Cat
No.: 11875093; Gibco). After 8 h, the medium was
discarded after the cells adhered, and the cells were
washed once with PBS. RPMI 1640 medium without
Glutamine (700 pL in the lower chamber and 100 pL
in the upper chamber) was added. Subsequently, 10
mM L-glutamic acid was added to the upper cham-
ber, with 100 pM AAI added to the lower chamber.
Following incubation at 37°C for 24 h, supernatants
from the lower chamber and mRTECs were collected
for subsequent analysis.

LC-MS for L-glutamic acid and glutamine

Supernatant samples from each group were diluted
tenfold with sterile enzyme-free water and analyzed
using LC-MS (SCIEX QTRAP 6500 plus, USA).
L-Glutamic acid and glutamine were monitored in
multiple reaction monitoring (MRM) mode with
transitions at m/z 148.2/84.1 (CE: 20) and m/z
147.2/130.0 (CE: 13), respectively. The peak areas
were recorded, integrated into the calibration curve,
and multiplied by the dilution factor to determine the
precise analyte concentrations. Detailed LC-MS meth-
ods and results are provided in the Supplementary
Materials (Supporting Methods 2, https://links.lww.
com/AHM/A182).
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DCFH-DA for changes in ROS in mRTECs

Briefly, mRTECs were fixed with 4% paraformalde-
hyde for 1 min to preserve the cell morphology. After
washing twice with PBS, 100 pL of DCFH-DA solution
(diluted to 10 pM in serum-free RPMI 1640 medium)
was added to each well and incubated at 37°C for 30
min. Unbound fluorescent probes were washed off with
PBS, followed by the addition of 100 pL Hoechst solu-
tion (10 pg/mL) to each well. After incubating for 5
min at 37°C and a subsequent PBS wash to remove
unbound Hoechst, fluorescence intensity was measured
using a fluorometer (BioTek; Synergy H1, USA); the
cells were observed under a light microscope (Leica,
Wetzlar, Germany).

Results

Dose-time carcinogenic toxicity of AAl and dA-ALI
generation

To investigate the dose-time carcinogenic toxicity of
AAI mice were divided into various dose groups, and tis-
sue samples were collected on days 1, 4, and 7 after AAI
administration (Figure 1A). After the administration of
0.01, 0.1, and 1 mg/kg AAI for 7 d, dA-ALI remained
undetectable in the kidneys of the mice (Figure 1B).

However, at a dose of 10 mg/kg, dA-ALI was detected
in the kidneys 1 day after administration, and its con-
centration increased with the duration of gavage (7 = 6,
P <0.01). The dA-ALI concentration in mouse kidneys
from days 1 to 7 ranged from 2.7 to 80.7 adducts per 107
nucleotides (Figure 1C).

LPS-induced pneumonia model exhibits pronounced
inflammatory responses

A pneumonia model was established by the tracheal
instillation of 2 mg/kg LPS into each mouse in the exper-
imental group (Figure 1F). Compared with the control,
SC, and EC groups, the ST and EI groups exhibited macro-
scopically visible changes (Figure 1D), including varying
degrees of congestion, edema, and scar formation on the
lung surface, with more pronounced changes observed in
the EI group. H&E staining revealed different levels of
inflammatory cell infiltration, with a more pronounced
infiltration observed in the EI group (Figure 1E). In addi-
tion, we measured levels of IL-6 and TNF-q, representa-
tive markers of the LPS-induced pneumonia model3-'4,
Treatment with 2 mg/mL LPS significantly increased the
levels of both IL-6 (P<0.01; Figure 1G) and TNF-a
(P < 0.01; Figure 1H) in the bronchoalveolar lavage fluid
of mice.

Single-dose administration reduces AAl-induced renal
damage by inhibiting the expression of NQO1

H&E staining of kidney tissues collected after the first
and seventh administrations demonstrated a progres-
sive increase in pathological renal damage. Compared to
single dosing, repeated administration resulted in more
severe histopathological alterations, indicating cumula-
tive renal toxicity. Further intragroup analysis revealed
the order of severity as follows: SI<SC < EC <EI
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(Figure 2A; n = 3). The renal function indicators, serum
Cr (Figure 2B; 7 = 6) and BUN (Figure 2C; 1 = 6), were
significantly lower in the SI group than in the SC group
(P < 0.05). However, after 7 days of pneumonia, no sig-
nificant differences were observed in the serum Cr and
BUN levels between the EI and EC groups. In addition,
leveraging the characteristic AAI-induced DNA damage,
we used y-H2AX antibody staining to stain nuclei with
DNA double-strand breaks (Figure 2D)!"*-'¢l. According
to the immunohistochemistry results, the proportion of
positive nuclei followed the pattern of SI < SC < EI < EC
(Figure 2E; n=3x3, P<0.01). To assess the differ-
ences in the carcinogenic response to AAI between mice
with pneumonia and normal mice more accurately, we
measured dA-ALI levels in the kidneys of each group.
The levels of the DNA adduct dA-ALI showed a trend
of SI<SC<EI=EC (n=6, P<0.01; Figure2F).
Collectively, these findings suggested that single-dose
administration reduced renal damage; however, this
effect was not observed in the multiple-dose groups.

Considering that AAl-induced renal toxicity and
carcinogenicity are mitigated to varying extents under
short-term pneumonia conditions, we hypothesized
that the levels of the enzymes involved in AAI metab-
olism may be altered. Therefore, we performed west-
ern blot analysis to measure the levels of AAl-related
metabolic enzymes CYP1A1/2 and NQOT1 in the kid-
neys (Figure 3A). Densitometric analysis revealed
that the levels of CYP1A1/2 were similar across all
groups. Conversely, NQOT1 levels in the SI group were
lower than in the SC group (P < 0.01; Figure 3B) and
higher in the EI group than in the EC group (P < 0.01;
Figure 3B).

Transcriptomic analysis reveals the potential mechanisms
through which pneumonia status affects renal NQO1 protein
expression

Short-term pneumonia enhances the antioxidative stress
capacity of the kidneys

Based on RNA-sequencing data collected from the SI, SC,
EL and EC groups (see Transcriptomics and bioinformat-
ics analysis section and Supplementary Materials, https:/
links.lww.com/AHM/A182), principal component anal-
ysis (Figure 3C and D) and cluster heatmap (Figure 3E
and F) revealed distinct differences between the LPS-
treated and control groups with good intragroup sample
similarity. The top 10 differentially expressed genes are
presented in the form of a volcano plot [Supplementary
Figure S1A and B, https:/links.lww.com/AHM/A182].
Subsequently, enrichment analysis was performed using
GO. Based on the multi-group GO enrichment bar chart
(Figure 3G), the SI_VS_SC group had more obvious
enrichment in detoxification and antioxidant activity
than the EI_VS_EC group, suggesting that the reduc-
tion in AAl-induced renal damage during short-term
pneumonia could be attributed to the modulation of the
antioxidant activity of the body. Furthermore, gene set
enrichment analysis of oxidative stress-related pathways
from the KEGG data revealed the top 10 ranked path-
ways (Figure 3H).
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ROS-mediated ITGA5/pAkt/phosphorylated Nrf2 (pNrf2)
pathway is involved in regulating NQO1 expression in mice
kidneys

To validate our hypothesis, oxidative stress markers
were analyzed in serum (Figure 4A1-4) and tissues
(Figure 4B1-4). The SI group exhibited higher levels
of superoxide dismutase, glutathione (GSH), and total
GSH/GSH disulfide in the kidneys than in the SC group;
the opposite was observed in the serum. These find-
ings indicate that the kidneys of the SI group possessed
greater antioxidative stress capacity and lower levels of
oxidative stress than those of the SC group. Accordingly,
short-term pneumonia can induce increased serum oxi-
dative stress levels, subsequently activating the renal
antioxidative defense mechanisms. However, this effect
disappeared after persistent pneumonia for 7 days, as
evidenced by the serum and renal oxidative stress mark-
ers showing a trend of EI < EC.

We hypothesized that the phosphoinositide 3-kinase
(PI3K-Akt) signaling pathway is involved in regulat-
ing Nrf2 phosphorylation, subsequently affecting the
expression of NQO1. Transcriptomic results indicated
that the upstream ITGA proteins in the PI3K/AKT path-
way were downregulated [Supplementary Figure S2A,
https://links.lww.com/AHM/A182] in the SI_VS_SC
group and were upregulated [Supplementary Figure S2B,
https://links.lww.com/AHM/A182] in the EI_VS_EC
group (Figure 4C). Therefore, we investigated the most
variably expressed ITGA subtypes, ITGAS and ITGAS8
by using The Human Protein Atlas database. ITGAS is
expressed on the membranes of renal tubular epithelial
cells, whereas ITGAS is localized to the membranes of
glomerular cells. Given that AAI toxicity primarily tar-
gets renal tubular epithelial cells!"'®] we postulated
that ITGAS could detect changes in environmental ROS
levels, leading to alterations in the expression of down-
stream pathway proteins. This hypothesis was supported
by the results of western blot analysis (Figure 4H), which
showed that low levels of ROS in the SI group corre-
sponded to relatively low expression of the ITGAS5/pAkt/
pNrf2 pathway. This suppression in turn suppressed
NQO1 expression and enhanced renal tolerance to AAI-
induced damage in mice.

Flow cytometry analysis shows that renal Ly6C*
macrophages participate in the spontaneous antioxidative
stress response in the body

Kidney transcriptome KEGG enrichment scatter plots
revealed significant changes in antigen processing and
presentation pathways in both SI_VS_SC (Figure 5A)
and EI_VS_EC (Figure 5B) groups. The cells closely asso-
ciated with this function include dendritic cells, macro-
phages, and B cells, which are key antigen-presenting cells.
To identify the cell type exhibiting the most significant
changes in abundance, we analyzed immune cell infiltra-
tion in mouse kidney transcriptomic data, as described by
Chen et al.'”! Heatmap results (Figure 5C and D) indi-
cated noticeable changes in the macrophage population.
Flow cytometric analysis was performed to quantify renal
Ly6C* macrophages using the gating strategy detailed in
Figure SE1-5. The SI group showed a significant increase
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Figure 2. Differential cytotoxic and carcinogenic effects of AAl on C57BL/6 mouse kidneys. (A) Representative images of H&E-stained sections
of the kidneys (n = 3, scale bars: 100 um; blue arrows indicate tubular epithelial cell shedding and green arrows show the degree of inflamma-
tory cell infiltration). (B and C) Renal functional indicators, and serum creatinine and blood urea nitrogen levels (n = 6). (D) IHC for y-H2AX protein
(n = 3, scale bars: 100 pm). (E) Quantification of IHC-positive nuclei (n = 3 x 3). (F) Differences in renal dA-AAl content. (*P < 0.05, **P < 0.01). AAl:
Avristolochic acid I; dA-ALI: 7-(Deoxyadenosin-Ne-yl)-aristolactam I; EC: Enduring control; El: Enduring inflammation; H&E: Hematoxylin and eosin;
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in Ly6C* macrophages compared to the SC group Spatial metabolomics reveals that oxidative stress levels
(P < 0.01; Figure 5F), whereas no significant differences  impact renal L-glutamic acid levels

were detected between the EI and EC groups, suggesting  Tpe kidney is divided into distinct regions based on

that LY6Q n_lacr.ophages may be involved in the sponta-  j¢s tissue structure: the cortex, outer medulla (outer
neous antioxidative stress response of the body.
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and inner stripes), and inner medulla (Figure 6A)R2%,
Damage inflicted by aristolochic acid on mouse kid-
neys predominantly occurs across the cortex and cor-
ticomedullary junction (outer stripe)’). In this study,
the kidneys were spatially divided into three areas: A,
B, and C, corresponding to the cortex, outer stripe,

308

and the rest, respectively. The SI_VS_SC and EI_VS_
EC groups were analyzed according to these three
regions, and the results are depicted in a petal Venn
diagram (Figure 6B), which identified L-glutamic
acid (m/z = 148.0604) as the only shared differential
metabolite. We further analyzed regions A and B, and
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according to the multi-group differential volcano plots,
the SI group exhibited significantly reduced L-glutamic
acid levels compared to the SC group in both areas
A and B (Figure 6C). The variable importance in
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projection results (Figure 6D and E) corroborated the
L-glutamic acid trends observed across the groups, as
shown in Figure 6C. Compared with the SC group,
the SI group showed a notable increase in glutamine
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(mlz = 147.0764), a direct antioxidant closely asso- glutamine levels increased in regions A and B of the
ciated with L-glutamic acid. Further analysis of the kidneys, compared to those in normal mice. In con-
spatial distributions of L-glutamic acid and glutamine  trast, the multiple-dose group had higher L-glutamic
(Figure 6F-I) revealed that in the single-dose pneumo-  acid levels and lower glutamine levels in kidney regions
nia mouse model, L-glutamic acid levels decreased and A and B than the normal group.
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Ly6C+ macrophages alleviate oxidative stress in mRTECs

by regulating the ITGA5/pAkt/pNrf2/NQO1 pathway through

glutamine metabolism

To further investigate the interaction between Ly6C*
macrophages and renal tubular epithelial cells, we
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designed a co-culture experiment (Figure 7A). In this
experiment, 10 mM L-glutamic acid was added to the
upper chamber of a Transwell system, and 100 pM AAI
was added to the lower chamber. After 24 h, we mea-
sured the L-glutamic acid and glutamine concentrations
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in the supernatant from the lower chamber (the layer
containing mRTECs) (Figure 7B). The supernatant
from the lower chamber co-cultured with Ly6C* mac-
rophages exhibited significantly increased levels of glu-
tamine (n=3; P<0.01) and significantly decreased
levels of L-glutamic acid compared with the control
group (n=3; P <0.01). In the supernatant co-cultured
with Ly6C- macrophages, although L-glutamic acid lev-
els were significantly reduced compared to those in the
control (7 =3; P <0.01), Glutamine levels were similar
to those in the control group. In addition, ROS levels
in the mRTECs in the lower chamber were significantly
lower in the Co-Ly6C* group than in the other groups
(Figure 7C). These results were confirmed by fluorescence
intensity measurements using a fluorometer (Figure 7D).
Western blot analysis was performed to detect changes
in ITGAS/pAkt/pNrf2/NQO1 protein levels (Figure 7E).
Densitometric analysis revealed no significant differences
in the primary bands of Nrf2 and Akt among the groups
examined (Figure 7F). As shown in Figure 7G and H,
the Co-Ly6C* group exhibited significantly lower levels
of ITGAS, pNrf2, pAkt, and NQOT1 than the control
group (17 = 3; P < 0.01). Conversely, the Co-Ly6C- group
showed no significant difference in the expression of
ITGAS, pNrf2, pAkt, or NQO1 proteins compared to
the control group.

Discussion
Key findings

In China, the safety of herbal medicines that contain
aristolochic acid remains a notable concern. The 2020
edition of the Chinese Pharmacopoeia includes only one
herb, Xi Xin, and specifies that the AAI content must not
exceed 0.001%PY. However, given the frequent use of
Xi Xin in decoctions and the broad market for these for-
mulations, safety concerns surrounding aristolochic acid
are highly sensitive and have substantial implications for
public health and the development of traditional Chinese
medicine. The risks associated with the clinical use of
Xi Xin, particularly the formation of DNA adducts at
commonly used doses, remain critical, that warrant
resolution*-23,

In our previously published preprint?*] we found
that AAI present in clinical doses of Asarum did not
lead to the formation of DNA adducts in mouse kid-
neys. Similarly, even when mice were administered an
oral dose of AAI equivalent to more than 900 times that
found in Asarum, as in the case of Aristolochia mans-
huriensis, no detectable levels of dA-ALI were observed
in the renal tissue. These findings suggest that the short-
term use of Asarum at clinical doses is relatively safe.
Furthermore, in the current study, upon increasing the
dose by 2,000 times, dA-ALI was detectable 24 h after
administration. Next, we compared the responses of
normal and pneumonia-state mice to AAl-induced renal
damage and found that renal damage in C57 mice was
significantly reduced under pneumonia conditions, indi-
cating that pneumatic conditions have been shown to
mitigate AAI-induced nephrotoxicity, further supporting
the notion that the short-term use of Asarum within its
indicated scope (respiratory disease) is relatively safe.

24]
b
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Mechanistically, the integration of spatial metabolom-
ics and transcriptomics suggests that the observed phe-
nomena may be related to the inherent mechanisms of the
body that regulate oxidative stress. LPS-induced pneu-
monia stimulates antioxidant defenses in the kidneys
and maintains a relatively low level of oxidative stress
after AAI intake, thereby inhibiting the ITGAS5/pAkt/
pNrf2/NQO1 pathway. However, after multiple admin-
istrations of LPS, the kidney’s tolerance threshold for
oxidative stress was exceeded, elevating oxidative stress
levels upon AAI intake, and activating the ITGAS/pAkt/
pNrf2/NQO1 pathway. Spatial metabolomics results
further revealed that an increased population of Ly6C*
macrophages in the kidneys of the single-dose group
used L-glutamic acid to produce the antioxidant gluta-
mine, thereby reducing renal oxidative stress. This pro-
cess was further verified through co-culture experiments.
Glutamine has been shown to mitigate apoptosis in tubu-
lar cells!®*) and alleviate renal dysfunction?®l, supporting
the hypothesis that glutamine has anti-inflammatory and
cytoprotective properties in an AAl-induced renal dam-
age model. Furthermore, Nrf2 contains numerous ser-
ine, threonine, and tyrosine residues that may serve as
phosphorylation sites for various kinases?”). Numerous
pathways have been explored, including the mitogen-
activated protein kinase cascade, PI3K-Akt pathway,
protein kinase C, GSK3b pathway, and ERK signaling
pathways. In addition, phosphorylation of Nrf2 may
disrupt its interaction with Keapl, thereby facilitating
the nuclear translocation of pNrf2i28, According to a
study published in the internationally renowned journal
Cancer Cell, sustained activation of the PI3K-Akt sig-
naling pathway leads to increased nuclear accumulation
of pNrf2!?’l, Our research also confirmed that elevated
pAkt expression activates the pNrf2/NQO1 pathway.

Interpretations and implications

Research on macrophages has primarily focused on iden-
tifying phenotypes of macrophage subpopulations that
regulate tissue damage and repair®®. Typically, macro-
phages are classified into two types: M1, which are pro-
inflammatory, and M2, which are anti-inflammatory!3'-32],
However, conventional classification methods, based on
a single in vitro stimulus, overlook the complexity of
the renal microenvironment. A functional overlap exists
between M1 and M2 macrophages®*-*4, and analyses of
the expression profiles of macrophages isolated from the
liver post-injury have revealed that macrophages cannot
be strictly categorized as either M1 or M2 at any given
time point®’l, Therefore, in the current study, renal mac-
rophages were classified into Ly6C* and Ly6C- subtypes
based on Ly6C expression, which more accurately
reflects the phenotypic changes in renal macrophages
following AAI administration in mice exhibiting pneu-
monia or normal conditions. Glutamine can reportedly
prevent acute kidney injury by modulating oxidative
stress and apoptosis in renal tubular epithelial cells®”,
whereas our study further demonstrated that renal
Ly6C* macrophages use L-glutamic acid to produce glu-
tamine, thereby participating in the regulation of oxida-
tive stress.
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Notably, glutamine produced by macrophages is
transported into renal parenchymal cells through sol-
ute carrier family transporter proteins, where it func-
tions as an antioxidant®¥l. Although macrophages
exhibit substantial resistance to ROSB*-# they are not
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completely immune to ROS-induced cell death. The
protective effect of glutamine was observed within
72 h of inducing renal ischemia-reperfusion injury!®’,
However, upon exposure to sustained oxidative stress
over a prolonged period, macrophages accumulate
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considerable amounts of oxidized proteins and lipids,
leading to metabolic dysfunction. This accumulation
leads to the loss of DNA integrity and inevitable cell
death*=*2I, This finding effectively explains why the
multiple-dose group in our experiment did not develop
renal tolerance to AAI toxicity as observed in the
single-dose group.

Future directions

This study raised several unresolved questions. ITGAS,
a transmembrane signaling protein and member of the
integrin family, links the extracellular matrix to the
intracellular cytoskeleton and plays a role in various
biological processes, including extracellular signal trans-
duction, cell adhesion, and cell migration*-*1. ITGAS
primarily functions by transducing extracellular signals,
such as changes in ROS levels, as observed in the cur-
rent study, and by regulating the interactions between
the extracellular matrix and cells, rather than by directly
participating in intracellular metabolic processes.
However, the mechanism by which ITGAS influences
Akt phosphorylation warrants further investigation.
Additionally, fundamental differences exist between
mouse and human macrophages in terms of LPS-induced
metabolic reprogramming and reactive nitrogen spe-
cies synthesis!*-* and caution must be exercised when
translating findings from mouse models to human data.
Further research is needed to investigate the progression
of kidney damage following short-term high-dose AAI
exposure cessation and the effects of long-term low-dose

AAI intake.

Conclusions

Our study confirmed that Xi Xin is relatively safe at clin-
ical doses for short-term use, and its potential risks can
be further reduced when used to treat pneumonia in a
targeted manner. The kidneys of mice with pneumonia
appear tolerant to AAl-induced toxicity and carcinoge-
nicity. Using integrated spatial metabolomics and renal
transcriptomic analyses, we found that this phenom-
enon may be associated with a mechanism regulating
Glutamine-mediated oxidative stress defense. Moreover,
Ly6C* macrophages use glutamine derived from
L-glutamic acid as part of the regulatory process. These
findings highlight the metabolic crosstalk between Ly6C+
macrophages and renal tubular epithelial cells, wherein
glutamine derived from Ly6C* macrophages potentially
imparts antioxidative defense capabilities to the kidneys.
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